Lichens are commonly described as a mutualistic symbiosis between fungi and "algae" (Chlorophyta or Cyanobacteria); however, they also have internal bacterial communities. Recent research suggests that lichen-associated microbes are an integral component of lichen thalli and that the classical view of this symbiotic relationship should be expanded to include bacteria. However, we still have a limited understanding of the phylogenetic structure of these communities and their variability across lichen species. To address these knowledge gaps, we used bar-coded pyrosequencing to survey the bacterial communities associated with lichens. Bacterial sequences obtained from four lichen species at multiple locations on rock outcrops suggested that each lichen species harbored a distinct community and that all communities were dominated by Alphaproteobacteria. Across all samples, we recovered numerous bacterial phylotypes that were closely related to sequences isolated from lichens in prior investigations, including those from a lichen-associated Rhizobiales lineage (LAR1; putative N 2 fixers). LAR1-related phylotypes were relatively abundant and were found in all four lichen species, and many sequences closely related to other known N 2 fixers (e.g., Azospirillum, Bradyrhizobium, and Frankia) were recovered. Our findings confirm the presence of highly structured bacterial communities within lichens and provide additional evidence that these bacteria may serve distinct functional roles within lichen symbioses.
Marine sponges (31) , the termite hindgut (34) , mycorrhizal fungi (2, 13) , and fungal endophytes (18) represent symbiotic niches where unique interactions between eukaryotes and rich, diverse bacterial populations occur. Lichens, a relationship between fungi (mycobionts, on which the species names and classifications are based) and green algae and/or cyanobacteria (photobionts), are another symbiotic niche that has received recent attention (15) . Lichen thalli host diverse populations of organisms, such as lichenicolous (growing on the thallus) (21) and endolichenic (growing within the thallus) fungal species (1) . While nonphotosynthetic bacteria have long been suspected to be associated with lichens (32; but also see reference 8) , modern culture-independent studies are just beginning to reveal the diversity in bacteria inhabiting lichens, suggesting that lichens host diverse assemblages from several bacterial phyla (7, 8, 14, 16, 17, 23) .
The few studies that have characterized the bacterial communities of lichens by using molecular fingerprinting techniques are limited in their phylogenetic resolution and have yielded conflicting results. Grube et al. (16) found that the community composition for certain lichen-associated bacterial groups (e.g., Alphaproteobacteria) exhibited species-specific patterns, and they advanced the idea that bacteria may be integral to the lichen symbiosis. Cardinale et al. (8) , however, concluded that the structure of bacterial communities in lichens was not correlated with the host species and provided evidence that some lichen-associated bacteria may simply be opportunistic, perhaps as extensions of the immediate surrounding soil environment, rather than symbiotic partners.
Because the majority of lichens have green algal photobionts that are not capable of fixing atmospheric N 2 like their cyanobacterial counterparts and because N acquisition is thought to occur exclusively via aerial deposition of inorganic N forms (29) , work has also focused on the potential functional role for N 2 -fixing bacteria in the lichen symbiosis. For example, there have been reports of bacterial nitrogenase reductase (nifH) genes (responsible for N 2 fixation) in bacteria isolated from lichens as well as within lichens themselves (16, 23) . Bacteria found on internal and external surfaces of lichens may also help lichen symbionts to fulfill other nutritional requirements, including the acquisition of phosphorus and amino acids (16, 23) .
Here we used bar-coded pyrosequencing with primers targeting the 16S rRNA gene to survey bacterial and archaeal diversity associated with surface-sterilized lichen thalli compared to that in nearby soils from a site in the western United States. Our objective was to determine if lichen-associated bacterial and archaeal communities are characteristic of lichen species, indicative of immediate spatial areas, or simply an extension of the surrounding soil environment. We also wanted to determine if the specific taxa found within lichens provide any clues regarding the functional roles of these microbes within the lichen symbiosis.
MATERIALS AND METHODS
Sampling design and site description. Four different foliose green algal lichen species (Parmelia sulcata, Rhizoplaca chrysoleuca, Umbilicaria americana, and Umbilicaria phaea) ( Fig. 1) were collected from granite rock outcrops at a site in northern Colorado (40.01°N, 105.47°W). The rocks were initially surveyed to ensure the presence of all four species; samples of individual lichen thalli of each species were then collected from each of three outcrops (one outcrop was sampled at two points within ϳ3 m of one another) with a sterile knife and placed into individual sterile plastic collection bags. The thalli of the four different lichen species collected were generally within a few centimeters of one another and always within a 1-m 2 area at each sampling location. A total of 16 samples were collected for the study (4 sampling locations, with 4 lichen species collected at each location). Each rock outcrop was located approximately 30 m apart from the others, and all were on the same southeast-facing slope. Eight soil samples (mollisols of the Typic Haplustoll subgroup) from sites adjacent to the rock outcrops were also collected and processed using previously described methods (12) . All samples were transported back to the lab on ice and immediately processed.
Surface sterilization and isolation of community DNA. To focus on bacteria likely to be integral components of lichens (e.g., those found on internal surfaces of the thallus), we removed as many external surface-borne microbes from our samples as possible. Each lichen thallus was surface sterilized according to the most stringent protocol outlined by Arnold et al. (1) : samples were washed for ϳ30 s in sterile ultrapure laboratory-grade (Milli-Q) water to remove dirt or debris from surfaces and then were immersed and agitated separately in 96% ethanol for 10 s, followed by 0.5% NaOCl (bleach) for 2 min and 70% ethanol for 4 min. Immediately after surface sterilization, a small portion of material (ϳ2 cm 2 ) was removed from the thallus of each lichen sample for genomic DNA extraction.
We followed a standard extraction protocol, using a commercially available PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA), after an initial treatment optimized to enhance DNA yield. This initial treatment included grinding each sample separately with a sterile mortar and pestle under liquid N 2 , placing the macerated samples into individual 2-ml bead-beating tubes with kit buffer, and immersing them in a 65°C water bath for 10 min. After heating, the samples were processed according to the extraction kit protocol. Community DNA was extracted from soil samples in the same manner as described above, but with the elimination of the surface sterilization steps. PCR amplification of 16S rRNA genes and bar-coded pyrosequencing. Preparation of extracted DNA for pyrosequencing followed the protocol outlined by Fierer et al. (11) . Briefly, the method includes targeted PCR amplification of a portion of the 16S small-subunit rRNA gene, triplicate PCR product pooling (per sample) to mitigate reaction-level PCR biases, and sequencing on a Roche GS-FLX 454 automated pyrosequencer. The primer set F515 (5Ј-GTGCCAGC MGCCGCGGTAA-3Ј) and R806 (5Ј-GGACTACVSGGGTATCTAAT-3Ј) was used on both lichen and soil samples. This primer set, generating ϳ250-bp amplicons, is suited for community analysis of bacterial sequences (25) and has been used previously to amplify, with few biases, a wide range of bacterial and archaeal groups from soils (4). The F515 primer included a Roche 454-A pyrosequencing adapter and a 2-bp linker sequence (GT), and R806 incorporated 12-bp bar-coded sequences (each unique to an individual sample), a GG linker, and a Roche 454-B sequencing adapter.
The PCR was carried out in 25-l reaction mixtures, which each contained 2 l (15 M [each]) of forward and reverse primers and 20 l of 5Prime Hot master mix (Eppendorf-5Prime, Gaithersburg, MD). Each reaction mix received 1 l of genomic community DNA as a template, and the following cycling parameters were used: 35 cycles (95°C for 30 s, 50°C for 1 min, and 72°C for 1 min) were performed after an initial denaturation at 95°C for 3 min. Triplicate reaction mixtures per sample were pooled, purified using an UltraClean PCR cleanup kit (MoBio), and quantified using the PicoGreen dsDNA assay (Invitrogen, Carlsbad, CA). The bar-coded PCR products from all samples (both lichen and soil) were normalized in equimolar amounts in a pooled sample, gel purified (precipitated with NaCl and ethanol) to remove any remaining residues, and sent for sequencing at EnGenCore at the University of South Carolina.
Sequence processing, assignment of taxonomic identity, diversity, and phylogeny. We used the QIIME software pipeline (6) for initial processing of sequence data, quality control, phylotype binning, taxonomic assignment of raw pyrosequence data, and sample grouping according to unique 12-bp bar codes. The data were also manually screened to remove sequences originating from chloroplast or other eukaryotic organisms. The phylogenetic placement of bacterial sequences obtained from our lichen samples was assessed by first assembling representative sequences of each bacterial phylotype (recovered sequences sharing Ն97% similarity) identified here, as well as representative sequences from other studies, and then aligning these using the NAST alignment function of the GreenGenes public database (http://greengenes.lbl.gov). Phylogenetic trees were created using the ARB software package (27) and were visualized using Interactive Tree of Life (iTOL) (22) software.
Microbial community and statistical analyses. We used a taxonomic (Bray-Curtis) approach for community analysis, generating distance matrices for our samples in the QIIME pipeline. To control for different sequencing depths, we randomly sampled at an even depth (249 sequences per sample) before computing beta diversity. The matrices generated were then used in nonmetric multidimensional scaling (NMDS) and permutational multivariate analysis of variance (PERMANOVA), carried out using the PRIMER 6ϩ software package (9) . Only phylotypes that were found in four or more samples were included in the distance matrix analyses to minimize the influence of low-frequency phylotypes that were restricted to individual samples.
RESULTS AND DISCUSSION
Phylotypes recovered from samples. A total of 657 distinct bacterial phylotypes were recovered from the 11,572 high-quality sequences (ϳ250 bp, on average) generated by pyrosequencing of 16S rRNA genes from our 16 lichen samples. Each lichen sample yielded 723 sequences, on average (ranging from 257 to 1,082 sequences), which is a sufficient sampling effort for examining patterns of beta diversity across samples (20) . Although the primer set should amplify bacterial as well as archaeal 16S rRNA genes (4), no archaeal sequences were recovered from these lichen samples. An additional 7,230 bacterial and archaeal sequences were generated from the soil samples, with an average of 1,033 sequences per soil sample (range, 922 to 1,144 sequences).
Lichen thalli appear to be associated with a broad spectrum of bacterial taxa, and phylotypes representing a number of phyla were recovered from our lichen samples (see Fig. S1 in the supplemental material). Some taxa that were ubiquitous across our lichen samples, namely, Actinobacteria, Firmicutes, and Gammaproteobacteria (Fig. 2) , have also been observed in previous studies of lichen-associated bacteria (7, 8, 14, 16, 23) . In addition, bacterial 16S rRNA gene sequences culled from a subset of these studies (8, 16, 23) were closely related to our phylotypes (see Fig. S1 in the supplemental material), which implies that particular bacterial taxa are widespread in lichens across very large geographic areas (Brazil, Europe, and the western to eastern United States). Our survey also recovered phylotypes representing abundant lichen-associated bacterial populations from the Bacteroidetes, Planctomycetes, and Verrucomicrobia (Fig. 2) , which have not been reported previously from lichens. Finally, many of our phylotypes were not closely related to bacterial taxa that have been isolated previously and described formally, including some phylotypes representing bacterial lineages of high taxonomic ranks (see Fig. S1 in the supplemental material). VOL. 77, 2011 BACTERIAL COMMUNITIES ASSOCIATED WITH LICHEN SYMBIOSIS Dominant bacterial taxa associated with lichens. All lichen species were dominated by Alphaproteobacteria, and the lichens generally shared similar relative abundances of higherlevel bacterial taxa (Fig. 2) . Although not reflected in cultivation-based studies of lichen-associated bacteria, the prevalence of the Alphaproteobacteria in lichens has been observed previously via fluorescence in situ hybridization (FISH) studies of thallus surfaces (7, 16) . Members of the Alphaproteobacteria commonly participate in symbiotic relationships (e.g., between Rhizobiales and vascular plants), and culture-independent studies have also pointed to the importance of the Alphaproteobacteria in microbial communities of belowground ectomycorrhizal fruiting bodies (3) as well as those coexisting with fungal species in decaying wood (33) . Given the potentially expansive history of symbiotic relationships for the Alphapro-teobacteria (19) , their dominance in lichens is noteworthy, as lichens may represent an ancient symbiosis, perhaps dating to the Precambrian Era (28, 35) .
The dominant phylotypes of the lichens sampled here (those that were both abundant and widespread in samples of a given species) were members of the Acetobacteraceae within the Alphaproteobacteria (Fig. 3 ). Acetobacteraceae contains some N 2 -fixing species, such as Gluconacetobacter diazotrophicus, which shared 93% identity with one of our dominant phylotypes (PT001560). Since members of the Acetobacteraceae are also known to be chemoorganotrophs (5) , our dominant phylotypes might also represent opportunistic organisms able to sustain growth on carbon sources present in the lichen thallus, such as mannitol (a common storage product of the mycobiont). However, the true identity and function within the FIG. 4 . ARB maximum parsimony constraint tree of Alphaproteobacteria sequences recovered from our lichen samples as well as closely related sequences obtained from GenBank (accession numbers are indicated, and those from previous lichen-bacterium studies show a citation). A large asterisk indicates that the lineage contains phylotypes closely related to sequences within genera containing known N 2 -fixing bacteria. PT, phylotype (those PT numbers with asterisks are found among the 15 most dominant phylotypes per species) ( Fig. 3) . Red branches indicate the LAR1 lineage. Bar ϭ 1% sequence dissimilarity. The tree is rooted with Acinetobacter baumannii (GenBank accession no. AY847284).
lichen thallus for many of the dominant lichen-associated phylotypes listed in Fig. 3 remain unresolved, as many do not appear to be closely related to well-studied cultured isolates.
Potential for bacterium-mediated nutrient acquisition in lichens. Of the dominant phylotypes recovered from our lichen samples, two (PT01547 and PT01550) directly matched previously identified bacteria within the putative N 2 -fixing Rhizobiales lineage (LAR1) recovered from lichen species collected in the eastern United States (17) (Fig. 3) . These two dominant phylotypes each occurred, sometimes together, within three lichen species (with one or the other being found within all 4 species). Along with these dominant LAR1-affiliated phylotypes, many other LAR1 sequences (as well as others from the Rhizobiales) of Hodkinson and Lutzoni (17) also closely matched several of our less dominant phylotypes (Fig. 4) , again suggesting that lichens harbor similar bacterial taxa regardless of the species or locality from which they were collected.
Phylotypes were also recovered from our lichen thalli that were closely related to bacteria isolated from lichens with green algal photobionts by Liba et al. (23) and shown to be N 2 -fixing strains (e.g., Pseudomonas stutzeri). Furthermore, we found phylotypes (see Fig. S1 in the supplemental material) representing bacteria very closely related to several other known N 2 -fixing taxa, such as Frankia (Actinobacteria), Beijerinckia, Bradyrhizobium, and Azospirillum (Alphaproteobacteria), and others with less certain affiliations were found close to or within genera known to contain N 2 fixers (e.g., Acinetobacter, Burkholderia, Gluconobacter, and Rhodospirillum). While this is by no means conclusive proof that these phylotypes are actually capable of N 2 fixation, our results do suggest that lichens may harbor a variety of bacterial taxa capable of contributing to their nutritional requirements for N.
In addition to N, lichen-associated bacteria recovered in our survey may also play a role in the acquisition of phosphorus, confirming previous results demonstrating that many lichenassociated bacteria show phosphate-solubilizing activity (16, 23) . Members of the Acetobacteraceae were dominant in our samples, and a number of strains from this family are known to solubilize phosphate (26, 30) . One of our dominant phylotypes (PT01560) was closely related to Gluconobacter oxydans (see Fig. S1 in the supplemental material), an organism known to have genes coding for histidine acid phosphatase (HAP), an enzyme involved in the mineralization of phytate (a highly abundant organic phosphorus compound) (24) . Although these connections are suggestive, we will need more directed and in-depth studies, such as specific functional gene analyses or comprehensive metagenomic studies, to more fully understand the functions of bacteria within the lichen symbiosis.
Structure of lichen-associated bacterial communities. Lichen-associated bacterial communities were clearly distinct from those in nearby soils (see Fig. S2 in the supplemental material), suggesting that lichens harbor bacterial communities that are not simply an extension of those found in the surrounding soil environment. A lichen-specific structure would be expected if particular bacteria serve distinct functional roles within the lichen symbiosis; however, abiotic factors intrinsic to the lichen may also serve to shape these bacterial communities. For example, sizable populations of Acidobacteria were recovered from each of our lichen species (Fig. 2 and 3) , perhaps representing acidophilic bacteria that can survive the condi-tions within the thalli of lichens, which are known to produce a wide range of organic acid secondary metabolites in abundance (10, 17) .
As evident from Fig. 5 , the overall beta diversity patterns exhibited by our lichen-associated bacterial communities were not a function of their rock outcrop of origin. Instead, bacterial communities clustered (and were statistically distinct) according to the lichen species from which they were isolated (Fig. 5 ). Species identity was clearly a much better predictor of lichenassociated bacterial communities than the spatial proximity of the lichen thalli collected.
Conclusions. Lichen-associated bacterial communities are not merely extensions of those found in surrounding soils; they are distinct in their structure. Different lichen species in close spatial proximity harbor dissimilar bacterial communities, and the lichen species itself appears to be the strongest predictor of community composition. Our findings lend credence to the notion that lichen-associated bacterial communities are highly structured, perhaps reflecting their functional role in the lichen symbiosis, and also suggest that some bacterial taxa are widespread in different lichen species, even across very large geo-FIG. 5. Nonmetric multidimensional scaling plots (Bray-Curtis distance matrices) depicting patterns of beta diversity for bacterial communities associated with lichen thalli. Points that are closer together on the ordination have communities that are more similar, and dotted lines were added postanalysis to highlight species clusters. PERMANOVA indicated that differences between bacterial communities mapped according to the lichen species of origin (A) for the sample were highly significant (P ϭ 0.001), while differences mapped according to rock outcrop of origin (B) were not significant (P ϭ 0.65).
VOL. 77, 2011
BACTERIAL COMMUNITIES ASSOCIATED WITH LICHEN SYMBIOSIS graphic areas. The Alphaproteobacteria appear to be the dominant bacterial group associated with lichens; however, a wide variety of bacteria from higher-order taxa, some undescribed, are also present in lichen thalli. Finally, our data suggest that assemblages of bacteria from divergent lineages may serve to provide lichens with N; however, the functional roles of lichenassociated bacteria still remain largely undetermined. Taken together, the results of this study build on previous work suggesting that bacteria are an additional, integral component of the lichen symbiosis.
